Hepatitis delta virus (HDV) is a satellite of hepatitis B virus (HBV)
) that provides surface antigens (HBsAg; small, middle, and large form) required for targeting of HDV to hepatocytes and for assembly and release of infectious HDV particles (34, 38) . Inside HDV particles, HDV genomic RNA comprises a single-stranded circular RNA molecule of 1.7 kb that is associated with delta antigens (HDAgs) as ribonucleoprotein (RNP) complexes (4, 7, 17, 21, 32) . Both the small form (HDAg-S) and large form HDAg (HDAg-L) are encoded by the antigenomic strand of the HDV RNA (40) . The two HDAgs are identical in the N-terminal 195 amino acid residues, but there is an extra 19-amino-acid extension at the C terminus of the HDAg-L (4, 40) that is derived from posttranscriptional RNA editing (2) . The HDAg-S is essential for the replication of HDV RNA (8) , whereas the HDAg-L is capable of interacting via the unique C-terminal domain with the small HBsAg to form virus-like particles (3, 6) . Isoprenylation of the C terminus of HDAg-L is critical for the assembly of HDV (13) . Through interacting with HDAg-L, HDAg-S is copackaged into virion (6) .
The life cycle of HDV also relies on host machineries. In the initial stage, the viral genome is imported into the nuclei of host cells through the RNA-binding activity and nuclear localization signal (NLS) of HDAgs. The NLS of HDAgs is recognized by the NLS receptor, importin ␣2 (10). Upon import of HDV RNP complexes into nuclei of infected cells, the viral RNA undergoes replication through a double rolling circle mechanism (1, 18, 35) mediated by HDV ribozyme and host RNA polymerase activities (24, 33) . In the late stage of the HDV life cycle, the progeny HDV RNA genome is likely to form complexes with HDAgs that are then exported to the cytoplasm for further assembly with HBsAg. We have previously demonstrated that HDAg-L is a nucleocytoplasmic shuttling protein with a nuclear export signal (NES) located at the C terminus, designated NES(HDAg-L) (20) . The export activity of HDAg-L was further confirmed by Lischka et al. (22) . In the presence of HBsAg, a large proportion of nucleus-localized HDAg-L, but neither the HDAg-S nor the export/packagedefective HDAg-L mutant HDAg(P205A), relocalized to the cytoplasm. We proposed that the NES(HDAg-L) confers the nuclear export function of HDAg-L and escorts the viral genomic RNA and HDAg-S from the nucleus to the cytoplasm for viral assembly (20) . Different from the prototype leucinerich NES, the NES(HDAg-L) is rich in proline residues and is insensitive to leptomycin B, indicating that the nuclear export of HDAg-L is mediated by a chromosome region maintenance 1 (CRM1)-independent pathway (20) . To investigate the nuclear export mechanisms mediated by the NES(HDAg-L), we adopted the yeast two-hybrid screening method to search for cellular factors that interact with NES(HDAg-L). Several potential clones were obtained from a human liver cDNA expression library. One encodes a protein, designated NESI [NES(HDAg-L)-interacting protein], capable of interacting with the wildtype NES(HDAg-L) and HDAg-L but not with the export/ package-defective mutants. The specific interaction between HDAg-L and NESI was demonstrated by coimmunoprecipitation and immunofluorescence staining assays. Overexpression of the NESI antisense RNA that blocked the nuclear export of viral genomic RNA significantly inhibited the assembly of both HDAg-L and HDV RNA. The results indicate that NESI plays critical roles during the processes of HDV assembly.
MATERIALS AND METHODS
Plasmids. (i) Plasmids pECE-d-BE, pECE-d-SM, pECE-d-BE(P205A), pECE-C-ES, pSVD2, pD3, and pEGFP-N1. Plasmids pECE-d-BE and pECE-d-SM contain cDNAs encoding the HDAg-L and HDAg-S, respectively (4, 6) . Plasmid pECE-d-BE(P205A) encodes the mutant HDAg-L with the amino acid residue Pro-205 replaced by Ala (20) . Plasmid pECE-C-ES encodes the small forms of the HBsAg, p24 and gp27 (6) . Plasmid pSVD2 contains a dimeric HDV cDNA under the control of the simian virus 40 early promoter (6) . Plasmid pD3 contains a trimeric HDV cDNA flanked by T7 and SP6 promoter that allow in vitro synthesis of an antigenomic and genomic trimeric HDV RNA, respectively, pEGFP-N1 encodes green fluorescent protein (GFP) under the control of the immediate early promoter of cytomegalovirus (CMV; BD Biosciences).
(ii) Plasmids pAS2-1-NES and pAS2-1-NES*. Plasmids pAS2-1-NES and pAS2-1-NES* encode fusion proteins of the wild-type NES(HDAg-L) and mutant NES*(HDAg-L), respectively, fused to the DNA binding domain of GAL4 and were used as baits in yeast two-hybrid screening. To construct plasmid pAS2-1-NES, a DNA fragment spanning amino acid residues 198 to 210 of the HDAg-L was generated by annealing the synthetic oligonucleotides NES1 (5Ј-GATCATACTCTTCCCAGCCGACCCTCCCTTCTCTCCCCAGAGTTGAC TGCA-3Ј) and NES2 (5Ј-GTCAACTCTGGGGAGAGAAGGGAGGGTCGG CTGGGAAGAGTAT-3Ј) and inserted into the BamHI and PstI sites of plasmid pAS2-1 (BD Biosciences). To construct plasmid pAS2-1-NES*, synthetic oligonucleotides NES1* (5Ј-GATCATACTCTTCCCAGCCGACCCTGCCTTCTCT CCCCAGAGTTGACTGCA-3Ј) and NES2* (5Ј-GTCAACTCTGGGGAGAG AAGGCAGGGTCGGCTGGGAAGAGTAT-3Ј) were used in the annealing reaction.
(iii) Plasmids pACT2-HA-NESI, pGEMTeasy-HA-NESI, pcDNA3.1-HA-NESI, pcDNA-NESI-V5HisTopo, and pcDNA3.1-AS-NESI. Plasmid pACT2-HA-NESI represents a cDNA plasmid isolated from clone 13-1 of the human liver cDNA library (purchased from BD Biosciences) used in yeast two-hybrid screening. The pACT2-HA-NESI encodes a fusion protein containing the activation domain of GAL4, a hemagglutinin (HA) epitope, and the full-length NESI. Plasmid pGEMTeasy-HA-NESI was generated by inserting a PCR fragment representing the HA-NESI fusion protein into the pGEMTeasy vector (Promega). The PCR fragment was amplified from pACT2-HA-NESI by using the primer set 5Ј-CTATTCGATGATGAAGATACCCCACCAAACCC-3Ј and 5Ј-GTGAACTTGCGGGGTTTTTCAGTATCTACGAT-3Ј. The plasmid pGEMT easy-HA-NESI possesses both T7 and SP6 promoter that allow the synthesis of sense and antisense NESI RNA in vitro by using T7 and SP6 RNA polymerase, respectively. To construct plasmids pcDNA3.1-HA-NESI and pcDNA3.1-AS-NESI, a cDNA fragment representing the HA-NESI fusion protein was excised from pGEMTeasy-HA-NESI following a treatment with AvaI and SacI restriction endonuclease, blunted, and ligated to the EcoRV site of pcDNA3.1 (Invitrogen). This resulted in an insertion of the cDNA fragment in either orientation and generated a plasmid, designated pcDNA3.1-HA-NESI, capable of producing a sense RNA of NESI and a plasmid, designated pcDNA3.1-AS-NESI, capable of producing an antisense NESI RNA from the CMV promoter in transfected cells. Plasmid pcDNA-NESI-V5HisTopo encodes a fusion protein of His-tagged NESI. To generate pcDNA-NESI-V5HisTopo, a PCR fragment representing NESI was amplified from liver cDNA by using the primer set 5Ј-caccATGAAAAATCAAAATGGTACATTTAAGGACTGGGC-3Ј and 5Ј-A GCAGAATAGACAGAGGGCTCA-3Ј and ligated to pcDNA3.1D/V5-His-TOPO (Invitrogen). Lowercase letters indicate extra sequences that are not derived from the coding sequences of NESI but are added to the primer for cloning purposes.
(iv) Plasmids pCMV-Tag2C-HDAgL and pCMV-Tag2C-HDAgS. Plasmids pCMV-Tag2C-HDAgL and pCMV-Tag2C-HDAgS encode fusion proteins containing a Flag epitope-tagged HDAg-L and HDAg-S, respectively. To construct plasmids pCMV-Tag2C-HDAgL and pCMV-Tag2C-HDAgS, cDNA fragments encoding HDAg-L and HDAg-S were excised from plasmids pT7-d-BP and pX9 (4, 5) , respectively, following a treatment with restriction enzyme BamHI and Hind III, and cloned into the BamHI and Hind III sites of the plasmid pCMVTag2C (Stratagene).
Yeast two-hybrid screening. To perform two-hybrid screening in the budding yeast Saccharomyces cerevisiae, plasmid pAS2-1-NES representing NES(HDAg-L) fused to the DNA binding domain of GAL4 was used as bait to screen a human liver cDNA library representing fusion proteins of the activation domain of GAL4. The screening procedure to identify NES(HDAg-L)-interacting protein was performed according to the manufacturer's instruction (BD Biosciences).
Cell lines and DNA transfection. HepG2 cells (a human hepatoma cell line) and COS7 cells (a monkey kidney cell line) were cultured at 37°C in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum plus penicillin (100 U/ml) and streptomycin (100 g/ml) and incubated at 37°C in 5% CO 2 . DNA transfection was performed with cationic liposomes as described previously (5) .
Harvest of virus-like particles. Harvest and partial purification of virus-like particles followed previously described procedures (37) with modifications. In brief, culture medium was collected 4 days posttransfection and clarified by centrifugation at 4,000 rpm in a Kubota RA-4F rotor for 5 min. The supernatant was layered over a 20% sucrose cushion (20% sucrose, 20 mM HEPES, pH 7.4, 0.1% bovine serum albumin) and centrifuged at 40,000 rpm in an SW41 rotor (Beckman) for 5 h at 4°C to pellet the virus-like particles. The virus-like particles were resuspended in phosphate-buffered saline (PBS) for further analysis.
Isolation of cellular and viral RNA. Isolation of total RNA from cultured cells and HDV RNA from virus-like particles was carried out by a single-step extraction method as described previously (9) . Isolation of nuclear and cytoplasmic RNA following a partition of fractions (23) was performed by using TRIZOL reagent (Invitrogen) according to the manufacturer's instruction.
Northern blot analysis. Northern blot analysis was performed using a digoxigenin (DIG)-labeled probe according to the procedures described by the manufacturer (Roche Biochemicals). To detect NESI transcript among various human tissues, a DIG-labeled antisense NESI RNA was transcribed in vitro from plasmid pGEMTeasy-HA-NESI in the presence of DIG-11-UTP and SP6 RNA polymerase. To detect HDV genomic RNA in transfected cells and virus-like particles, a DIG-labeled HDV trimeric antigenomic RNA was transcribed in vitro from plasmid pD3. In addition, a DIG-labeled antisense RNA of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was prepared from pIBI30GAPDH (28) , which contains the cDNA of rat GAPDH, to detect GAPDH transcript in various human tissues as an internal control.
RT-PCR. To detect distribution of HDV genomic RNA in the nucleus and cytoplasm of transfected cells, a two-step semiquantitative reverse transcriptase PCR (RT-PCR) method was used. In brief, HDV-R (5Ј-GCTCTAGACATCC CCCTCTCGGTGC-3Ј) was used as an HDV-specific primer in the first step of cDNA synthesis of HDV genomic RNA with SuperScript III reverse transcriptase (Invitrogen) and 1 g of the total RNA of nuclear or cytoplasmic fraction. PCR amplification was then carried out with primer set HDV-R and HDV-F (5Ј-GGAATTCACTGCTCGAGGATCTCTT-3Ј) and VioTaq (Viogene) under standard conditions (35 cycles of 94°C for 30 s, 45°C for 30 s, and 72°C for 30 s) to generate a 213-bp RT-PCR product of the HDV genomic RNA. As a control, cDNA synthesis was performed in parallel with oligo(dT) 12-18 primer followed by PCR-amplification with the primer set ␤-actin-F (5Ј-GCTCGTCGTCGGAC AACGGCT-3Ј) and ␤-actin-R (5Ј-CAAACATGATCTGGGTCATCTTCTC-3Ј) to generate a 353-bp RT-PCR product of the ␤-actin mRNA. The RT-PCR products were separated on 2% agarose gels and visualized by ethidium bromide staining. Photographs were taken with a DC290 camera and captured through 1D Image Analysis software (Kodak).
Coimmunoprecipitation and Western blot analysis. Coimmunoprecipitation experiments were carried out as previously described (19) except that rabbit polyclonal antibodies specific for HA tag (BD Biosciences) and M2 agarose beads specifically recognizing the Flag tag (Sigma) were used. Western blot analysis was performed as previously described (19) . The specific primary antibodies used include protein G-purified rabbit antiserum specific for HDAgs (5), chicken immunoglobulin Y (IgY) against HDAgs (Lin et al., unpublished data), goat polyclonal antibodies specific to HBsAg (Dako), mouse monoclonal antibody specific to histidine tag (Novagen), mouse monoclonal antibody specific to GFP (BD Biosciences), and protein G-purified antiserum specific against NESI that was raised in this study by immunizing rabbit with a peptide containing the C terminus of NESI (amino acid residues 453 to 467). To determine the package activity of HDV, virus-like particles were collected from culture media of transfected cells, and protein lysate was prepared following a resuspension of the viral pellet in 2ϫ sample buffer (1ϫ buffer is 12.5 mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate, 20% glycerol, 0.25% bromophenol blue, 5% ␤-mercaptoethanol). The protein lysates were boiled for 3 min and subjected to sodium dodecyl sulfate-12% polyacrylamide gel electrophoresis and Western blot analysis to examine the presence of HDAg-L and HBsAg. The specific interactions between antigens and antibodies were detected by the enhanced chemiluminescence system (Amersham Pharmacia Biotech).
Indirect double immunofluorescence staining. Permeabilization and fixation of cultured cells were carried out with Triton X-100 and paraformaldehyde, respectively, as previously described (19) . After a rehydration with multiple rinses in PBS, the cells were treated with PBS containing 4% bovine serum albumin; double immunofluorescence staining of cells was carried out with protein G-purified rabbit antiserum specific for HDAgs and mouse monoclonal antibody specific to HA epitope (Roche Biochemicals) as the primary antibodies and fluorescein isothiocyanate-labeled goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.) and Texas red-labeled horse anti-mouse IgG (Vector) as the secondary antibodies, respectively. Immunostained cells were washed thoroughly with PBS and mounted in a buffer containing 0.1 M PBS, pH 8.0, 2% n-propyl gallate, and 60% glycerol. Photographs were taken using a Zeiss Axiophot microscope equipped with epifluorescence.
RESULTS

Identification of a NES(HDAg-L)-interacting protein by yeast two-hybrid screening.
HDAg-L is a nucleocytoplasmic shuttling protein. The proline-rich NES(HDAg-L) mediates the relocalization of HDAg-L to the cytoplasm in the presence of HBsAg (20) . The NES(HDAg-L) is a transferable nuclear export signal capable of directing a heterologous protein from the nucleus to the cytoplasm. In addition, Pro-205 is critical for the nuclear export of NES(HDAg-L) and the assembly of HDV (20) . To identify cellular factors that interact with the NES(HDAg-L), yeast two-hybrid screening was performed with the NES(HDAg-L) fused to the C terminus of the DNA binding domain of GAL4 (GAL4DB) as bait. This process takes advantage of two factors: (i) the yeast two-hybrid system enables the analysis of protein-protein interactions occurring in the nucleus of transfected cells and (ii) NES(HDAg-L) is located at the C terminus of the viral protein in an exposed configuration (39) . A cDNA library representing fusion proteins of the transcription activation domain of GAL4 (GAL4AD) and cDNAs derived from human liver cells was screened. Diploid colonies were grown on plates in the absence of Trp, Leu, adenine, and His, and plasmids were purified from these colonies. The plasmids represent fusion proteins of the GAL4AD and putative NES(HDAg-L)-interacting proteins and were individually cotransformed with the bait plasmid pAS2-1-NES that encodes GAL4DB-NES(HDAg-L) into yeast strain PJ69-2A for further screening. Several potential clones carry plasmids that encode proteins capable of interacting with GAL4DB-NES(HDAg-L) were obtained (data not shown). Nevertheless, among these clones, only clone 13-1 that carries plasmid pACT2-HA-NESI encoding a protein, designated NESI [NES(HDAg-L)-interacting protein], fused to the GAL4AD failed to interact with an export/package-defective NES mutant, GAL4DB-NES*(HDAg-L) in which Pro-205 has been replaced by Ala (Fig. 1) . NESI encoded by the clone 13-1 is, therefore, representing an export/package activity-associated human protein. Sequence analysis and a database search indicated that nesi is a novel gene.
Detection of the NESI transcript in human liver tissue and isolation of the full-length cDNA of nesi. To understand the distribution of NESI RNA transcript in the hepatoma cell line and human tissues, Northern blot analysis was performed with total RNA isolated from HepG2 cells and various human tissues using a DIG-labeled antisense NESI RNA as the probe. As shown in Fig. 2 , a NESI transcript was detected in HepG2 cells and predominantly, if not exclusively, in human liver tissue (panel B). Nevertheless, the cellular NESI transcript was approximately 1.9 kb and ran slower than NESI RNA transcribed in vitro from a cDNA plasmid (pGEMTeasy-HA-NESI) derived from the clone 13-1 ( Fig. 2A) . This indicated that the nesi cDNA present in the liver cDNA library may not be full length. Fig. 4A , only the export/package-competent wild-type HDAg-L was coprecipitated with HA-NESI. Neither the export/package-deficient HDAg-L(P205A) mutant nor the HDAg-S that lacks the export/package signal could be precipitated. The specific interaction between HDAg-L and NESI was further confirmed by transfecting HepG2 cells with plasmid pCMV-Tag2C-HDAgL encoding a Flag-tagged HDAg-L or plasmid pCMV-Tag2C-HDAgS encoding a Flag-tagged HDAg-S. Two days posttransfection, cell lysates were harvested and subjected to immunoprecipitation with M2 agarose beads specific for the Flag tag, followed by Western blot analysis using rabbit antibodies raised against a peptide sequence of NESI. A signal representing the endogenous NESI was detected only in the presence of HDAg-L but not in the presence of HDAg-S (Fig. 4B) . Taken together, the results confirm the data of the yeast two-hybrid assay and indicate a specific interaction between HDAg-L and NESI through NES(HDAg-L).
Colocalization of NESI and HDAg-L.
Previous studies have demonstrated that HDAg-L localizes in the nuclei of transfected cells and infected hepatocytes, either appearing as homogeneous nucleoplasm or as nucleolus distribution (4, 20) . To investigate the functional significance of the interaction between NESI and HDAg-L, the subcellular localization of transiently expressed HA-NESI and HDAg-L were examined by indirect double immunofluorescence staining 2 days posttransfection. As shown in Fig. 5 , HA-tagged NESI and HDAg-L were colocalized in the nucleus, suggesting an interaction of the nucleus-localized NESI with HDAg-L.
Effects of antisense NESI RNAs on the nuclear export of HDV genomic RNA and the assembly of HDAg-L-mediated genomic RNA into virus-like particles. To form infected HDV particles, both HDAgs have to be imported into the nucleus to form RNP with the nuclear viral RNA and then exported out of the nucleus to assemble with HBsAgs in the cytoplasm. The nuclear export activity is indispensable for HDAg-L to form virion and virus-like particles with the small form of HBsAg (20) . HDAg-S that lacks nuclear export activity is assembled into virus-like particles via its binding activity to the viral RNA and the oligomerization activity of HDAgs (6) . In earlier studies, we have shown that NESI specifically interacted with NES(HDAg-L) in a yeast two-hybrid system and with HDAg-L in mammalian cells ( Fig. 1 and 4) . When indirect double immunofluorescence staining was performed, we found that NESI and HDAg-L were predominantly colocalized in the nucleus of transfected cells (Fig. 5) . We therefore postulated that an antisense NESI RNA may affect the expression of endogenous NESI and block the efficiency of the HDAg-Lmediated nuclear export and package of HDV genomic RNA. To test this hypothesis, the effect of antisense RNA on the expression of NESI was first examined. Various amounts of the effector plasmid pcDNA3.1-AS-NESI encoding an antisense NESI RNA were cotransfected with plasmid pcDNA-NESIV5HisTopo encoding a His-tagged NESI fusion protein. Two days posttransfection, protein lysates were prepared for use in Western blot analysis. As shown in Fig. 6 , expression of the antisense NESI RNA efficiently blocked the expression of NESI in a dose-dependent manner. The antisense NESI RNA was then applied to examine the role of NESI on the package of HDV. The effector plasmid expressing antisense NESI RNA was cotransfected with plasmids encoding the HDAg-L, the small form of HBsAg, and a dimeric form of HDV genomic RNA in the HDV package system. Four days posttransfection, viral proteins and RNA were isolated from virus-like particles present in the culture medium. Western and Northern blot analyses were performed in parallel with the total protein and RNA that were isolated from the transfected cells. The results demonstrated that the level of HDV genomic RNA present in the NESI antisense RNA-expressing cells was equivalent to that of the control cells. Strikingly, in the presence of NESI antisense RNA, packaging of the viral genomic RNA into virus-like particles was completely abolished (Fig. 7A) . The Western blot analysis shown in Fig. 7B demonstrated that in the presence of NESI antisense RNA, HDAg-L was produced in the transfected cells at a level similar to that of the control cells. The detection of HBsAg in the culture medium indicated that the assembly of HBsAg and the release of virus-like particles into culture medium were not blocked by the NESI antisense RNA. Nevertheless, in the presence of NESI antisense RNA, package efficiency of the HDAg-L into virus-like particles was decreased to less than 40% (Fig. 7B) . The reason that the packaging of HDV genomic RNA was completely abolished but the packaging of HDAg-L was abolished to a lesser extent may be partially explained by the observation that an NLS-deleted HDAg-L mutant could bypass the nucleus localization and assemble directly with the small form of HBsAg in the cytoplasm (6) . The fact that NESI antisense RNA blocks the release of virus-like particles containing HDV genomic RNA may reflect a block on the nuclear export of the viral RNA. To further investigate whether antisense NESI RNA prevents HDV RNAs from leaving the nucleus through interfering with the nuclear export of HDAg-L, total RNAs from partitioned lysates of transfected cells were isolated to examine the distribution of HDV genomic RNA by RT-PCR analysis. As shown in Fig. 7C , antisense NESI RNA treatment significantly diminished the HDV genomic RNA in the cytoplasm compared to the control group (upper panel). The efficient separation of the nuclear and cytoplasmic fractions was evident by the results that the distribution of cellular ␤-actin mRNA control was mainly in the cytoplasmic fractions. The distribution of ␤-actin mRNA was not affected by the antisense NESI RNA (Fig. 7C, lower panel) . Collectively, these results demonstrated that NESI is involved in the HDAg-L-mediated assembly of HDV genomic RNA.
DISCUSSION
By performing yeast two-hybrid analysis, we have identified NESI as a cellular factor that interacts with the wild-type nuclear export signal of HDAg-L, NES(HDAg-L), but not with the package/export-defective mutant NES*(HDAg-L). The specific interaction between HDAg-L and NESI was demonstrated by coimmunoprecipitation and an immunofluorescence staining assay. Overexpression of antisense NESI RNAs blocked the nuclear export and assembly of HDV RNA mediated by HDAg-L.
The nuclear export of viral RNP is a critical step in the life cycle of viruses that replicate in the nuclei of host cells. Most viral products that enter and exit the nucleus take advantage of the host nuclear import and export machineries. Human immunodeficiency virus (HIV) Rev protein that mediated the CRM1-dependent nuclear export of the partially spliced HIV-1 mRNA species and unspliced genomic RNA is the best-characterized example. The Rev protein is required for the viral RNA expression and virion assembly (12) . Recently, a variety of alternative nuclear export signals independent of the CRM1 export receptor have been identified. These include the bidirectional signals found in the mRNA-regulating proteins, such as the KNS (for K nuclear shuttling) signal of hnRNP K (27) and the M9 signals of hnRNP A1 (26) . Subcellular distribution of the TATA-binding protein-associated factor TAF II 105 (31) was also regulated in a CRM1-independent manner. In a recent study, a CRM1-independent NES of human cytomegalovirus was identified within the C-terminal domain of pUL69 protein (22) . The NES(pUL69) shares amino acid sequence homologous to the NES(HDAg-L), including a conserved proline residue at a comparable position to the Pro-205 of the NES(HADg-L) sequence. The conserved proline residue is essential for the NES function of both HDAg-L and FIG. 7 . Overexpression of the antisense NESI RNA blocked the nuclear export of HDV genomic RNA and assembly of the viral RNA into virus-like particles mediated by HDAg-L. HepG2 cells were cotransfected with plasmid pSVD2 expressing a dimeric HDV RNA and plasmids encoding the small form of HBsAg (pECE-C-ES) and HDAg-L (pECE-d-BE) in the presence of the control plasmid pcDNA3.1 (Control) or the effector plasmid pcDNA3.1-AS-NESI (NESI antisense) that expresses an antisense RNA of NESI. Four days posttransfection, both RNA and protein lysates were prepared from the transfected cells and from the viral pellets collected from the culture media. A DIG-labeled trimeric HDV antigenomic RNA transcribed in vitro from plasmid pD3 was used as a probe to perform Northern blot analysis (A). Protein G-purified rabbit antiserum specific for HDAgs and goat polyclonal antibodies specific to HBsAg were used to perform Western blot analysis as indicated (B). Following a partition, RNAs were isolated from both nuclear and cytoplasmic fractions of the transfected HepG2 cells and subjected to RT-PCR analysis to detect HDV genomic RNA (C, upper panel) and ␤-actin mRNA (C, lower panel). M, 100-bp DNA ladder. N, nuclear fraction; C, cytoplasmic fraction. pUL69. Interestingly, the nuclear export of NES(pUL69) could not be competed away by the NES(HDAg-L) (22) , indicating that the export pathway of HDAg-L and pUL69 involve distinct export receptors.
HDAg-L is localized mainly in the nucleolus of transfected cells. It targets to the nucleolus via interaction with nucleolin and B23 that shuttle between the nucleolus and nucleoplasm (16, 19) . Nucleoplasm distribution is observed only in a minor population of the HDAg-L-expressing cells and is only detected at a later time point (60 h) posttransfection (20) . Nevertheless, in the presence of HDV RNA, a portion of the HDAg-L relocalized to the nucleoplasm at an earlier time point in the form of viral RNP complexes (11) . Formation of HDV RNP complexes in the nucleus is required for viral replication at the early stage of infection and for virion assembly, presumably after HDAg-L is synthesized in the late stage of the viral life cycle. HDV RNP complex has been described as a nucleocytoplasmic shuttling unit with a steady-state nuclear distribution (36) . In addition, a minor population of the HDV RNP complex has been detected in the cytoplasm of transfected cells in the absence of HBsAg (36) . In this study, coimmunoprecipitation and colocalization experiments indicate a specific interaction between HDAg-L and the newly identified NESI (Fig. 4 and 5) . Taken together, these data suggest that the interaction between HDAg-L and NESI renders the NESIHDAg-L complex in a conformation accessible to the protein complexes required for nuclear export and/or assembly of HDV RNP into virus-like particles. Indeed, we demonstrated that overexpression of an antisense NESI RNA abolished HDAg-L-mediated assembly of HDV genomic RNA into virus-like particles by inhibiting the HDAg-L-mediated nuclear export of HDV genomic RNA into the cytoplasm (Fig. 7) . The observation that a trace amount of HDV genomic RNA was detected in the cytoplasm of transfected cells in the presence of antisense NESI RNA is similar to the result of a recent study in which HDV genomic RNA was detected in the cytoplasm in the absence of HDAg-L (23). These results suggest that, without forming a complex with HDAg-L, the cytoplasm-localized free form HDV RNA is not competent for viral assembly. It is likely that HDAgs are imported into the nucleus where HDV RNP complexes form, then via an interaction between the NES(HDAg-L) and the nuclear export-associated factor NESI, the RNP complexes export to the cytoplasm and form RNA-containing virus-like particles with HBsAg in the endoplasmic reticulum and Golgi apparatus. When the expression of NESI is blocked by the antisense NESI RNA, the process of forming a competent export/assembly complex of HDAg-L is inhibited and the assembly of HDV RNA is abolished.
The interaction between NESI and HDAg-L is highly associated with the export/assembly activity of HDAg-L. NESI bound to the export/assembly-competent HDAg-L but not to the export/assembly-defective HDAgs, HDAg-S, and HDAg-L(P205A) (Fig. 4) . Profile analysis of NESI revealed a putative bipartite NLS spanning amino acid residues 193 to 209 and a putative actin-binding site at the N terminus (Fig. 3) . Interestingly, a recent study demonstrated a critical role of nuclear actin in the nuclear export of HIV Rev protein and protein kinase inhibitor (PKI) (14) . Whether actin is involved in the nuclear export of HDAg-L remains to be elucidated. Collectively, we propose that NESI plays an important role in facilitating the formation of a functionally competent export/package complex of HDAg-L. The interaction between NESI and NES(HDAg-L) may facilitate the export of HDV RNP from nucleus to cytoplasm and the assembly of viral genomic RNA mediated by HDAg-L. Further studies on the molecular mechanisms of NESI involved in the nucleocytoplasmic shuttling of HDAg-L and the assembly of HDV RNP would provide further information in understanding the functional roles of the novel NESI in eukaryotic cells.
